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Introduction
The sodium salts containing SO 4 2− or SO 3 2− groups in their structures are employed as reactive in numerous and important industries, as was reported by Periasamy et al. [1] . Structurally, two modes of coordination in particular, monodentate or bidentate, are expected for these groups in different compounds [2, 3, 4] . Normally, those sodium salts when are linked to different organic rings present interesting biological activities which due to their ionic characteristic are highly used in the pharmaceutical industry to facilitate the incorporation of drugs to the human organism or as an intermediate in the preparation of other drugs [4] . For these reasons, the structures and properties of pharmaceutical drugs containing those salts are of great interest to their identifications by using different spectroscopic techniques, such as the vibrational spectroscopy and also, to know and predict their reactivities and behaviours in the different media in which they are present. The aim of this work is to study the structural and vibrational properties of anhydrous sodium picosulphate or picosulfate, a stimulant laxative drug orally administered to patients in preparations for colonoscopy [5, 6, 7, 8] , taking into account that, so far, these properties were not reported. Actually, the control and the quantitative analysis of this drug are performed by using the high performance liquid chromatographic (HPLC) because this technique is one of the most studied [9, 10] . The chemical name of this compound is the 4,4′-(2-
Methodology
The initial anhydrous sodium picosulfate (APS) structure was modelled by using the GaussView program [20] taking into account a C 3v symmetry for the two sulfate groups, in accordance with the experimental structure observed for the potassium borosulfate [2] . After that, the Cartesian coordinates were optimized in gas and aqueous solution phases using the hybrid B3LYP/6-31G* method [11, 12] with the Gaussian 09 program [21] . The influence of the solvent on their properties were studied by using the self-consistent reaction field (SCRF) method together with the IEFPCM model at the same level of theory [22, 23] . The volume variation that experiment the salt in water was also computed using the Moldraw program [24] whiles the solvation energy involved in this process was calculated using the solvation model [25] . Both stable structures represent minima in the potential energy surface because all the frequencies are positive. Fig. 1 show the optimized structure of sodium picosulfate together with the numbering of the atoms while the detailed identification of the pyridinyl and phenyl rings is presented in Fig. 2 . The characteristics of the three rings and of the Na−O, S═O and S−O bonds were investigated by using the atomic charges, bond orders, molecular electrostatic potentials (MEP) surface, stabilization energies, topological properties which were computed in both media with the NBO 3.1 and AIM2000 programs [14, 16] . Here, the MEP surface of the salt in the gas phase was built with the aid of the GaussView program [20] while the corresponding values were obtained using the [ ( F i g . _ 1 ) T D $ F I G ] Fig. 1 . Theoretical molecular structure of anhydrous sodium picosulfate and the atoms labelling.
Merz-Kollman (MK) charges [26] . Additionally, the frontier molecular orbitals and some descriptors were calculated in order to predict the reactivity and behaviours in the two media studied [27, 28, 29, 30, 31, 32, 33] . On the other hand, the Molvib program [19] was used to transform the force fields initially expressed in Cartesian coordinates to natural internal coordinates. After that, the Potential Energy Distribution (PED) were computed from the scaled quantum mechanics (SQM) force fields in both media using the same level of theory in order to perform the complete assignments considering the PED contributions ≥ 10%. The 1 H-NMR and 13 C-NMR spectra in aqueous solution were predicted by using the GIAO method [34] while the time dependent density functional theory (TD-DFT) calculations were employed to predict the electronic spectra in solution at the same level of theory.
Results and discussion

Geometrical parameters in both media
The calculated total energies, dipole moments, volume variation and solvation energy for APS in gas and aqueous solution phases can be seen in [36] because it compound present two sulfate groups linked to sodium atoms, such as APS. These comparisons were performed by means of the root-mean-square deviation (RMSD) values which are summarized in Table 2 together with the geometrical parameters for APS in both media. Regarding the results we clearly observed that in general the calculations in gas phase predicted higher values for the bond lengths and angles related to the pyridyl and phenyl rings than for the SO 4 2− groups while in solution are most notable the increase in the bond lengths [ ( F i g . _ 3 ) T D $ F I G ] [35] .
c [36] .
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NPA charges, bond orders and MEP surface studies
The ionic nature of APS is clearly evidenced by the geometrical parameters principally due to the two SO 4 2− groups and the two Na + cations which suggest the importance to study the charge distributions on their structures in both media and, besides the nature of the different bonds. For these reasons, we have studied two charge's types which are the natural population atomic (NPA) and the MK charges [26] , the bond orders expressed by the Wiberg indexes and the molecular electrostatic potentials (MEPs). With the MK charges it is possible to calculate the MEP surface values in the two media while their surfaces mapped have permitted to observe the electrophilic and nucleophilic regions by their different colorations.
All these properties are presented in Table 3 . First, analyzing the charges we observed that both charges predicted higher positive values on the two S atoms than the two Na atoms but, in general, the values observed in the NPA charges are very different from those MK charges. For instance, the NPA charges on all the S, O and H atoms in both media are higher than the other ones while on the N atoms are observed lower NPA values. In relation to the charges on the C atoms with hybridizing sp 2 , we observed negative signs on five C atoms belonging to the phenyl R1 and R2 rings, these are those rings linked to the SO 4 2− groups while in the pyridyl rings R3 only three C atoms have negative signs because the N atoms of these rings are also predicted by the calculations with negative signs. On the other hand, both charges predicted negative signs on the C12 atoms with hybridizing sp 3 in both media. Both charges reveal clearly the characteristics ionic of the two sulphate groups and the two Na atoms. Table 3 .
In relation to the bond orders, clearly Table 3 
Article No~e00190 values of 0.460 for the S1−O3 and S2−O4 bonds indicating higher polarizations of these two bonds in relation to the other ones. This way, these bonds show different characteristics than the other ones, as will see later.
The study of the MEP surface mapped surfaces of APS in both media at the B3LYP/6-31G* level of theory show strong blue colorations on the two Na atoms 
NBO and AIM analysis
The above studies have showed the ionic characteristics of APS in both media but the study of the interactions between the involved SO 4 2− and Na + ions is also important in relation to their stabilities in both media. Hence, the stabilization energies and the topological parameters were calculated by using the NBO [14] and AIM [16] programs. The Bader's theory [15] is very interesting to explain the characteristics of inter and intra-molecular interactions in different compounds by using their topological properties which can be calculated with the AIM2000 program [16] . Thus, the electron density distribution, (r), the Laplacian values, ▿ 2 (r), the eigenvalues (λ1, λ2, λ3) of the Hessian matrix and, the |λ1|/λ3 ratio calculated in the bond critical points (BCPs) reveal the interaction's types. Hence, the interaction is of hydrogen bonds or ionic interaction when |λ1|/λ3 < 1 and ▿ 2 (r) > 0 [37] . Here, these parameters for APS in both media at B3LYP/6-31G* level of theory are presented in Table 5 . Table 5 . Analysis of the topological properties for sodium picosulfate in both media by using the B3LYP/6-31G* method.
Parameter (a.u.) S1⋯O3 S1⋯O5 S1⋯O7 S1⋯O8 Na43⋯O3 Na43⋯O5 O7⋯H36 N11⋯H33 N11⋯H34 S2⋯O4 S2⋯O6 S2⋯O9 S2⋯O10 Na44⋯O4 Na44⋯O6 O9⋯H37 Parameter (a.u.) S1⋯O3 S1−O5 S1−O7 S1−O8 Na43⋯O3 Na43⋯O5 N11⋯H33 S2⋯O4 S2−O6 S2−O9 S2−O10 Na44⋯O4 Na44⋯O6 
Frontier orbital and quantum molecular descriptors studies
Since long time it is highly known that the gap values can predict the reactivity of a drug in different media by using the frontier orbitals [27, 28] . On the other hand, their behaviours in different media can also be predicted by using diverse descriptors such as, the chemical potential (μ), electronegativity (χ), global hardness (η), global softness (S), global electrophilicity index (ω) and global nucleophilicity index (E) descriptors [29, 30, 31, 32, 33] . In this work, we have calculated for APS in both media the gap values and those descriptors at B3LYP/6-31G* level of theory. These parameters in both media can be seen in Table 6 together with the corresponding equations and compared with those observed for drugs with potential antimicrobial activity, as the 1,3-benzothiazole tautomers [33] and with antiviral properties as cidofovir and brincidofovir [38] . These compounds have different rings and groups, as can be observed in Fig. 5 . Analyzing the gap values, we observed that the thione form of 1,3-benzothiazole is the most reactive than the other ones while the reactivity decrease according to the following order:
thione > brincidofovir > sodium picosulfate > thiol > cidofovir. When the descriptors are deeply analyzed, we observed that the most reactive thione present the higher electrophilicity index while cidofovir has the most low index.
Apparently both parameters are related to the presence of strong charged groups, as the NO 2 − and S−H groups that in the thiol form due to the presence of an H bond decreases their reactivity, as compared with the thione form. Brincidofovir has slightly higher reactivity than picosulfate and much higher than cidofovir due to the presence of a PO 4 3− group and of a Na atom, here, evidently the presence of a group with higher charge increase the reactividad in brincidofovir. Probably, a high nucleophilicity index together with a high electrophilicity index reduce the reactivity of a drug, as observed for cidofovir because the separation between both indexes is of approximately 4-3 eV while in the most reactive thione that separation is about 3-2 eV. Sodium picosulfate presents reactivity similar to brincidofovir probably due to the presence of two SO 4 2− groups and of the two Na atoms in their structure. The other parameters such as, global hardness (η) and softness (S) are in very good concordance with the order of reactivity, as expected because both descriptors are calculated directly from the gap values.
NMR study
The 1 H-and 13 C-NMR chemical shifts for APS in gas phase and in aqueous solution phases were calculated by using the GIAO method [34] at the B3LYP/6-31G* level of theory and the results are presented in Table 7 and Table 8, respectively. Here, the 1 H-NMR chemical shifts were compared with the [ ( F i g . _ 5 ) T D $ F I G ] Fig. 5 . Structures of the different compounds compared with anhydrous sodium picosulfate in gas phase.
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corresponding experimental available for APS in DMSO-d6 from [39] and with the predicted by Spinus-Web [40] by means of the RMSD values. The comparison of the calculated 13 C-NMR chemical shifts was performed with those 13 C-NMR predicted by Banfi and Patiny [41] and Castillo et al. [42] by means of the RMSD values, as observed in Table 7 . Notice that a better correlation is observed for the H nuclei (1.54-1.39 ppm) than the C nuclei (9.14-8.73 ppm), as expected because the calculations were performed using the B3LYP/6-31G* calculations in gas phase and in aqueous solution while the experimental 1 H-NMR spectrum was registered in DMSO-d6 solution. In aqueous solution, the presences of the SO 4 2− groups and of Na atoms evidently have certain influence on the chemical shifts of both nuclei because APS has a higher affinity in water than DMSO.
Vibrational study
The structures of APS in the two media using the B3LYP/6-31G* level of theory were optimized with C 1 symmetries and both structures have 126 normal vibration modes which present activity in both IR and Raman spectra. The available experimental IR spectrum for the monohydrated sodium picosulphate in the solid phase was taken from [43] and can be seen in Fig. 6 compared with the predicted by the calculations in gas phase and in aqueous solution at the same level of theory.
The vibrational assignments for APS in both media were performed with the SQMFF procedure [17, 18] by using the Molvib program [19] and taking into account the PED contributions ≥ 10%. The symmetry coordinates used in the determination of the force fields were similar to those reported for compounds containing analogous rings and groups [2, 3, 4, 30, 31] for this reason, they were not presented here. On the other hand, the scale factors used are those reported by Rauhut and Pulay and defined for the 6-31G* basis set [17, 18] . Table 9 shows the observed and calculated wavenumbers and assignments for anhydrous sodium picosulfate in both media. Obviously, we observed higher quantity of bands in the experimental spectrum due to the vibration modes of the water molecule, hence, the broad IR bands at 3639 and 3458 cm −1 are clearly attributed to the OH stretching modes. Note that the very intense band predicted by the calculations in gas phase at 606 cm −1 and assigned easily to the symmetric δ s SO 3 deformation mode in solution decrease significantly their intensity probably due to that the ΔE n→σ* charges transfers related to the O atoms of these groups decrease from 1804,13 kJ/mol in gas phase to 1664,52 kJ/mol in solution, as observed in Table 4 . This variation can also be attributed to the topological properties of the S−O bonds because in solution two of these bonds are enlarged while the other two shortened, as observed by AIM calculations ( Table 5 ). The predicted Raman spectra for APS in both media by using the same method of calculation are compared in Fig. 7 . We present below a brief discussion of the assignments for some groups.
Band Assignments
SO 4 2− groups
Normally, the asymmetric and symmetric stretching and bending modes of these groups for a tetrahedral structure are expected between 1150 and 320 cm −1 [1, 44, 45, 46] while in potassium borosulfate, where three sulphate groups have C 3v symmetries, the antisymmetric and symmetric modes were assigned to the bands at 1375 and 884 cm −1 . Here, the broad and intense band between 1342 and 1146 cm −1 , centred at 1258 cm −1 , obviously is assigned to the four antisymmetric stretching modes expected for both SO 4 2− groups while the corresponding symmetric modes are assigned to the intense IR band at 892 cm −1 , as indicated in [ ( F i g . _ 6 ) T D $ F I G ] Fig. 6 . Experimental available infrared spectra of sodium picosulfate hydrate (upper) taken from [43] and the corresponding anhydrous predicted in gas phase (medium) and in aqueous solution (bottom) by using B3LYP/6-31G* level of theory.
Article No~e00190 Table 9 . Notice that in solution these stretching modes are shifted toward lower wavenumbers, as expected because these modes are strongly affected by the hydration, as was previously analyzed. Here, the symmetric bending modes are predicted by calculations at higher wavenumbers (600-596 cm −1 ) than the corresponding antisymmetric modes (525-514 cm −1 ) and; for this reason, they were assigned to the band and shoulder at 598 and 591 cm −1 , respectively. In solution, all these modes are predicted between 565 and 514 cm −1 because are influenced by the hydration. The four rocking and the two twisting modes expected for both sulphate groups are clearly predicted in gas phase in the 303-268 and 39-37 cm −1 regions, respectively and, both modes were not assigned because in the IR spectrum were recorded bands only up to 398 cm −1 . This vibrational analysis shows clearly the influence of the different S−O bonds of the sulphate groups on the positions of the IR bands and, in particular, in aqueous solution support the shifting of the bands related to these groups as a consequence of the hydration.
Pyridinyl and phenyl rings modes.
The thirteen expected C−H stretching modes are predicted in gas phase between 3103 and 2932 cm −1 where the C12−H30 bond related to the C atom with hybridization sp 3 , is predicted to lower wavenumbers than the other ones. Thus, the bands observed between 3100 and 2915 cm −1 are clearly assigned to those vibration modes. In solution, these modes are predicted slightly to higher wavenumbers, as observed in Table 9 probably due to that these H atoms are involved in gas phase to two N⋯H and two O⋯H bonds while in solution only the N⋯H is observed. The in-plane C−H deformation modes are assigned to the bands [ ( F i g . _ 7 ) T D $ F I G ] Fig. 7 . Predicted Raman spectra of anhydrous sodium picosulfate in gas phase and in aqueous solution at B3LYP/6-31G* level of theory.
Article No~e00190
observed between 1495 and 1086 cm −1 because they are predicted by SQM calculations in this region while the corresponding out-of-plane CH deformation modes are assigned according to calculation between 1009 and 762 cm −1 . These modes are not affected by the hydration because they undergo few shifted in solution. The C═C stretching modes of both phenyl rings are predicted by the SQM/B3LYP/6-31G* calculations between 1606 and 1560 cm −1 while the C−C stretching modes between 1420 and 1044 cm −1 , hence these modes are assigned according to calculations. On the other hand, the two expected C−N stretching modes belonging to the pyridinyl ring are predicted at 1271 and 1239 cm −1 while in solution are predicted to higher wavenumbers. This observation can be attributed to the two N⋯H bonds observed only in gas phase while in solution only one of them is observed. Moreover, two transitions observed by NBO calculation justify the shifting observed in solution, they are the ΔET →* and ΔET →* charge transfers (see Table 4 ). The deformation and torsion modes for both pyridinyl and phenyl rings are predicted by SQM calculations in the expected regions [4, 28, 29, 30, 31, 32] and only some deformation modes were assigned because the torsion modes are predicted in the lower wavenumbers region where there are not observed bands. The assignments for the remaining skeletal modes can be seen in Table 9 .
Force fields
The force constants for APS in both media were first calculated in Cartesian coordinates from their corresponding force fields by using the SQM procedure and later they were transformed to internal coordinates with the Molvib program [17, 18, 19] . These constants are summarized in Table 10 
Electronic spectrum
The electronic spectrum for APS in aqueous solution was predicted by B3LYP/6-31G* calculations and their comparison with the experimental available UVvisible spectrum reported for the sodium picosulphate hydrate [47] can be seen in Fig. 8 . A strong band at 262.54 nm is observed in the experimental spectrum while in the predicted spectrum is calculated at 234.50 nm which can be easily assigned to the → * and * → * interactions due to the C═C and C−N bonds because the calculations predicted these interaction with higher energy values, as observed by NBO analysis (Table 4 ). Here, the presence of shoulders in the experimental spectrum could be attributed to the quantity observed of these interactions as a consequence of the three six member's rings in the structure of APS. Table 11 shows the positions and intensities of the observed bands in the experimental spectrum and in the predicted by the TD-DFT calculations.
[ ( F i g . _ 8 ) T D $ F I G ] 
Conclusions
In this work, the theoretical molecular structures of anhydrous sodium picosulfate with chemical formula C 18 In addition, the frontier orbitals show the high reactivities of sodium picosulfate in both media which is approximately comparable to brincidofovir, an antiviral drug used against the Ebola disease.
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